Introduction
African swine fever (ASF) is a highly contagious disease of pigs caused by a large icosahedral DNA virus (ASFV). Domestic pigs experience both virulent and moderately virulent forms of the disease; virulent disease is characterized by fulminating tissue necrosis, haemorrhage and death within 10 days. The virus replicates predominantly in mononuclear phagocytic cells and, in vivo, is found in all lymphoid tissue. The study of virus-host cell interaction would be advanced by the availability of a cell line in which virulent virus could replicate but, currently, no immortalized pig macrophage cell lines exist and other cell lineages will permit the growth of non-pathogenic, tissue culture adapted, virus strains only (Malmquist & Hay, 1960; Hess et al., 1965) . In vitro, pathogenic isolates of the virus will replicate in freshly isolated monocytes and macrophages (Wardley & Wilkinson, 1978) but such cultures have the disadvantages of short-term viability and cellular heterogeneity.
The survival of pig peripheral blood monocytes in culture has been prolonged to 2-3 weeks by adding putative colony stimulating factor (CSF)-I from murine fibroblast conditioned medium (Genovesi et al., 1989) and these cultures supported the growth of ASFV isolates for 12 days if the virus was added within 3 days of culture inception (Genovesi ef al., 1990) . Recombinant human granulocyte--macrophage (GM)-CSF has been reported as augmenting viability, division, activation and maturation of human monocyte derived macrophages (Eischen et al., 1991; Robin et al., 1991; Lopez et al., 1992; Dimri et al., 1994) . Recently, the cDNA for porcine GM-CSF was cloned and sequenced (Inumaru & Takamatsu, 1995) . The cDNA has been expressed in a baculovirus system and shown to have biological activity (S. Inumaru and others, unpublished) . The expressed protein, kindly provided by Dr Inumaru, of the National Institute of Animal Health, Tsukuba, Japan, was used successfully to generate medium term ASFV-infectable cell lines of macrophage phenotype. In this investigation we examined the effects of recombinant porcine (r-porcine) GM-CSF on the survival and growth of pig bone marrow (BM) and blood derived cells of the monocyte-macrophage lineage in culture with particular reference to the maintenance of their phenotype, function and ability to support productive infections of virulent ASFV.
for 10 rain on a cushion of Lymphoprep at 1"077 g/ml (Nycomed). Cells recovered from the interphase were washed and resuspended in Iscove's MEM containing 15 % FCS and 5 x 10 -~ M-2-mercaptoethanol. Mononuclear cells were separated from heparinized blood on Lymphoprep by centrifugation at 400 g for 30 min; monocytes in the cell suspension were removed by adherence to plastic culture flasks for 2 h. Adherent cells were detached with 2, mM-EDTA in cold PBS and resuspended in growth medium at 2 x 105 cells/ml. Routinely, a concentration of rporcine GM-CSF equivalent to I00 U/ml was used in all the cultures. Rporcine GM-CSF, available as the tissue culture supernatant from Tn5 cells infected with the recombinant baculovirus AcPGM (S. Inmaru and others, unpublished), was titrated in a cell proliferation assay (Maliszewsky et aI., 1988) ; one unit was estimated as the concentration causing half-maximal proliferation. The cultures were maintained at 37°C in an atmosphere containing 5% CO S and fed weekly by exchanging 50% of the supernatant for fresh growth medium.
• ~ infection of cultures and titration. The virulent Malawi Lilangwe 20/1 (Haresnape, 1984) strain of virus used in these experiments was grown and titrated in bone marrow cultures as described by Wilkinson et al. (1977) . Cells (1 x 106) from BM cultures which had been established for at least 21 days were infected at an approximate m.o.i of 5 haemadsorption units (HAD~0) per cell for I h at 37 °C. Nonadsorbed virus was removed by washing the cells three times and the cells subsequently retumed to tissue culture medium. Released virus was harvested in the culture supematants at intervals after infection and the virus assayed by standard haemadsorption titration on freshly isolated BM cells. To test the maintenance of virus susceptibility in the GM-CSF generated BM cells with time, cultures were inoculated with 5 HADs0 per cell at 7, 10, 14, 21, 35 and 42 days, washed free of unadsorbed virus at I h and returned to culture. Progeny virus and cells for transmission electron micrographs (TEM) were harvested at 20 h post-infection (p.i.).
• Phenotyping of cultured cells. Cells were phenotyped by flow cytometry (FCM) using a Becton-Dickinson FACScan and immunohistochemistry. For FCM, unfixed cells were incubated with monoclonal antibodies (MAbs) to porcine cell surface antigens followed by phycoerythrin (PE) conjugated goat anti-mouse, or goat anti-rat immunoglobulin (Southern Biotechnology Inc., Birmingham, Ala., USA); cells were fixed subsequently in 1% (w/v) paraformaldehyde. Cytocentrifuge preparations of cells were fixed in 0'25% (v/v) cold glutaraldehyde prior to staining with antibodies to pig cell surface antigens and the staining subsequently visualized with a goat anti-mouse immunoglobulin horseradish peroxidase (HRPO) conjugate developed with Metal Enhanced DAB Substrate (Pierce & Warriner UK Ltd.).
The MAbs used included K274 3G8 (from C. Stokes, Bristol, UK), MSA3, 74-12-4, 76-2-11, 74-22-15 (from J. Lunney, Beltsville, USA), C25 (a MAb made at IAH Laboratories, Pirbright, UK), MY4 (from Coulter) and MAC 325 (from R. Binns, Babraham, UK).
• Tests for phagocytosis. BM cells from GM-CSF cultures at 21 days were incubated with either FITC (Fluoresbrite, Polysciences Inc.) or iron labelled (Sigma) 0"8 I~m diameter latex spheres for 1-2 h. The cells were separated from uningested particles by washing and subsequent centrifugation at low speeds. Phagocytosed particles were observed by fluorescence or electron microscopy and comparisons of relative uptake of FITC particles determined by FCM.
• Processing for electron microscopy. Virus infected BM cells were washed in PBS and fixed in 2-5 % (v/v) glutaraldehyde in 0"1 Mcacodylate buffer (pH 7'2) for I h and processed in a conventional manner (Hyatt, 1991) . Ultrathin sections were cut, contrasted with uranyl acetate and lead citrate and examined in a Jeol 1200ex microscope.
Results

Phenotype of cells cultured with GM-CSF
Clusters of non-adherent, irregularly shaped cells were apparent in GM-CSF maintained cultures, whether derived from BM or blood, by day seven. Cells in the supematant of BM cultures were dendritic in appearance, mononuclear and had a high cytoplasm: nuclear ratio. The FCM profiles in Fig. 1 show the results of one assay on BM cells maintained for 3 weeks; two other assays on ceils from cultures age 3-5 weeks gave similar results. The histograms (Fig. 1) indicate that the cells were positively stained by antibodies recognizing an antigen specific for porcine granulocytes and macrophages (MAb 74-22-15), putative CD11b (C25), CDI4 (MY4: a MAb raised against human CD14 which cross-reacts with the same molecule on porcine cells) and CD44 (MAC325). Approximately 50 % of the cells stained positively for MHC class II DQ (MAb K274-3GS) and DR (MAb MSA3) antigens and they were negative for the B and T cell markers CD1 (MAb 76-7-4), CD4 (MAb 74-12-4) and CD8 (MAb 76-2-1I). One assay performed after II weeks of culture indicated that the surface phenotype of the cells remained unchanged with the exception of some diminution of intensity of MHC class II expression, in the older cultures. The results of cell staining and FCM analyses indicated that the non-adherent population of cells generated in GM-CSF cultures were of the monocyte--macrophage lineage. As the phenotyping of the cells by immunohistochemistry confirmed the results of the FCM analyses, the histology is not shown.
Growth and long-term survival of cultured BM mononuclear cells
The mononuclear cells derived from BM could be mainrained in culture in the presence of r-porcine GM-CSF for 3 months or longer. The maximal rate of increase of the nonadherent cells occurred during the first 4 weeks of culture and slowed to low levels beyond 4 weeks. Fig. 2(a) shows the increase in numbers of non-adherent cells, as determined by haemacytometer counts, in one batch of cultures and that the increase was GM-CSF related. The numbers were probably an underestimate of the total cells generated as some did not readily detach from the stroma. The extent of cell proliferation, and the period for which it was maintained, were variable from donor to donor and this was probably related to the extent to which stromal cells, composed mainly of fibroblasts and adherent macrophages, developed in the cultures. Nonadherent cells removed from their stromal cells continued to divide and remained healthy in the presence of extraneous GM-CSF but not in its absence. In the presence of a welldeveloped stroma and the absence of extraneous GM-CSF some cultures produced a few non-adherent monocytic cells but these did not increase in number and did not normally persist. Culture supernatant from non-recombinant, wild-type 100 baculovirus, added at the same dilution as supematant containing GM-CSF, did not promote BM cell proliferation. BM cultures containing the control baculovirus supernatant behaved similarly, in all respects, to those without the addition of extraneous GM-CSF.
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Virus growth in GM-CSF generated cells
GM-CSF maintained cultures, 28 days old, were infected with the pathogenic Malawi isolate of ASFV; the cultures were harvested at intervals after infection and the supernatants assayed for virus titre. Growth of the virus in cultured cells was compared with growth in freshly isolated peripheral blood and bone marrow of young and adult pigs. The results (Fig. 2 b) of these experiments show that virulent ASFV was able to replicate in cells maintained in vitro with GM-CSF for several weeks and that the growth kinetics of the virus in these cells were similar to the growth of virus in 3-5 day primary cultures of pig blood and BM cells. Virus titres at early time-points largely represent release of residual input virus. GM-CSF maintained cells remained susceptible to infection by pathogenic isolates of ASFV for more than 42 days in culture, i.e. 7 times greater than the susceptibility age of freshly isolated BM macrophages. At 20 h p.i. cells in cultures age 42 days contained replicating virus and were capable of producing 5--6 HADs0 log units of virus per ml of supematant (Fig. 2 c) . Residual virus on the cells (0 h p.i.) in this experiment was equivalent to 3-4 HADs0 log units per ml of supernatant from 106 cells following an inoculation of 6 HADs0 log units/ml. Replicating virus was observed in these cells by TEM also (not shown).
Cells that had been maintained in culture for as long as 3 months retained susceptibility to infection with the virus as indicated by their ability to haemadsorb autologous erythrocytes (data not shown). ( Fig. 3 a) . The majority of cells were able to phagocytose the spheres although the number of particles taken up by each cell varied; the FCM profiles of cells with ingested FITC labelled particles were represented by bell-shaped curves indicating that particle uptake was normally distributed.
Phagocytic function of GM-CSF cultured cells
The effects of virus infection on the phagocytic function of the cultured BM cells were investigated by incubating uninfected and ASFV-infected cells with FITC labelled spheres at different particle concentrations and determining particle uptake by FCM. As shown in Table 1 , the percentages of labelled cells and the mean intensity of their fluorescence were not greatly reduced after virus infection indicating that phagocytic function was almost unaltered in cells previously infected with virus for 18 h. TEM of infected cells incubated with latex particles showed clearly the co-existence of virus particles with latex spheres in the cytoplasm (Fig. 3 b) . 
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Discussion
The most important aspect of this work is the establishment and characterization of primary cultures of BM or blood cells for the generation of long-term macrophage cell lines. It was significant, also, that they exhibited and maintained the expected cell surface differentiation markers and retained the biological activities of phagocytosis and sensitivity to a severely pathogenic strain of ASFV.
The essential component in the generation of these cultures was r-porcine GM-CSF. It is common experience that BM cells, blood cells and alveolar macrophages cultured in the absence of growth factors do not retain their susceptibility to ASFV infection for longer than 5--6 days. This loss of infectability is independent of the strain of virus and has been ascribed variously to loss of viability (Genovesi et al., 1989) and loss of cell surface phenotypic markers (McCullough et al., 1993) of the host cells in culture and to primary heterogeneity of the cell isolates and the animals from which they were derived (Wardley & Wilkinson, 1978; McCullough et al., 1993) . However, our results indicate that cells maintained in vitro in the presence of GM-CSF retain their surface phenotype, phagocytic capability and susceptibility to ASFV infection. One study has related the loss of macrophage infectability beyond the seventh day of culture (in the absence of growth factors) to increased phagocytic activity (McCutlough et aL, 1995) whilst our results suggest that an active phagocytic state may not preclude infectability. The maintenance of monocytemacrophages in a healthy physiological state and prolongation of their survival were probably the most important functions of GM-CSF in relation to generating a long-surviving population of ASFV infectable cells.
As GM-CSF is a pleiotropic growth factor, active on many haematopoietic and non-haematopoietic cell lineages, it is worth noting that granulocytes were not normally visible in cultures of pig bone marrow and blood beyond the first week; i.il.ii.i!.i..i NN iiiNNNi iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii this absence may relate to the early observation that macrophage progenitor cells are more responsive to GM-CSF than granulocyte-macrophage precursor cells (Metcalf & MacDonald, 1977) . Macrophages, also, are the only mature cells which retain an ability to proliferate (Hamilton et al., 1988) and which can proliferate in response to GM-CSF at high concentrations (Elliott ef al., 1989) , whereas neutrophil progenitors can be stimulated to differentiate but are incapable of further division. The concomitant generation of cytokines from stromal elements in the cultures would have promoted the generation and differentiation of monocyte lineage cells also. IL6 is produced constitutively by porcine fibroblasts (Richards & SakIatvala, 1991) and receptors for IL-6 are found on monocytes (Callard & Gearing, 1994) but not neutrophils; M-CSF, which promotes the proliferation and differentiation of macrophages (Metcalf, 1985) is produced by fibroblasts of many species and may further synergize with GM-CSF to induce the proliferation of macrophages (Nicola, 1989) .
